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Vertebrate muscle morphogenesis is a complex developmental process, which remains quite yet unexplored at cellular and molecular level. In
this work, we have found that sculpturing programmed cell death is a key morphogenetic process responsible for the formation of individual foot
muscles in the developing avian limb. Muscle fibers are produced in excess in the precursor dorsal and ventral muscle masses of the limb bud and
myofibers lacking junctions with digital tendons are eliminated via apoptosis. Microsurgical experiments to isolate the developing muscles from
their specific tendons are consistent with a role for tendons in regulating survival of myogenic cells. Analysis of the expression of Raldh2 and local
treatments with retinoic acid indicate that this signaling pathway mediates apoptosis in myogenic cells, appearing also involved in tendon
maturation. Retinoic acid inhibition experiments led to defects in muscle belly segmentation and myotendinous junction formation. It is proposed
that heterogeneous local distribution of retinoids controlled through Raldh2 and Cyp26A1 is responsible for matching the fleshy and the tendinous
components of each muscle belly.
© 2006 Elsevier Inc. All rights reserved.Keywords: Muscle development; Limb development; Retinoic acid; Apoptotic cell death; Cathepsin D; Caspase 3; Integrin; tcf4Introduction
The formation of each muscle in the embryo is a complex
multi-step process involving guided detachment and migration
of muscle precursors, myofiber differentiation and attachment
to target tendons (see review by Schnorrer and Dickson, 2004).
The analysis of the development of somatic muscles in the
Drosophila embryo has provided a considerable advance in the
knowledge of mechanisms controlling muscle formation and
attachment (see reviews by Baylies et al., 1998; Schnorrer and
Dickson, 2004). However, the basis of vertebrate muscle
morphogenesis is much less understood.
In vertebrates, muscle cells are originated from the somitic
mesoderm under the control of the paired homeodomain
transcription factor Pax3 and the MyoD family of basic⁎ Corresponding author. Fax: +34 942 201903.
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doi:10.1016/j.ydbio.2006.09.034helix–loop–helix transcription factors (see reviews by Buck-
ingham, 2001; Brent and Tabin, 2002). The appendicular
muscles are formed by the delamination of muscle precursors
from the hypaxial dermomyotome and subsequent migration
into the limb field. Muscle cell precursors detachment and
proper migration into the limb field seem to be controlled by the
homeobox gene Lbx1 (Schafer and Braun, 1999; Brohmann et
al., 2000), and the activation of c-Met receptor tyrosine kinase
by secreted SF/HGF specifically expressed in the limb
mesenchyme (Dietrich et al., 1999). The migration of muscle
cells also appears to be critically controlled by the chemokine
receptor CXCR4 and its ligand SDF1 (Vasyutina et al., 2005;
Odemis et al., 2005) as well as by the EphA4 receptor tyrosine
kinase and its ligand, ephrin-A5 (Swartz et al., 2001). This
initial step of detachment and migration gives rise to muscle cell
precursors grouped in well-defined dorsal and ventral pre-
muscle masses. Importantly it has been proposed that the
establishment of muscle masses is directed by the distribution of
SF/HGF, which is itself under the control of retinoic acid
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regulated by ectodermal signals including wnt-6 (Geetha-
Loganathan et al., 2005).
In the chicken embryo, by day 6.5 of incubation, migrating
dorsal and ventral muscle masses establish well-defined
boundaries (stylopodial; zeugopodial; and autopodial) along
each of the three major joints in the limb in the proximal-distal
axis, accompanied by the intercalation of three tendinous
laminas (Kardon, 1998). Next in development, each region is
segregated into individual muscles of the thigh, shank and foot
respectively. The cellular and molecular mechanisms underlying
the segregation and independent formation of each muscle belly
from the muscle masses remain largely unknown.
Lineage tracing experiments revealed that migrating muscles
retain the potential to contribute to any muscle of the limb
(Kardon et al., 2002), indicating that local extrinsic signals are
critical for the guidance and determination of muscle cell fate.
This finding fully agrees with early quail-chick chimera
experiments showing that specification of limb muscles is
instructed by local signals within the limb bud (Chevallier et al.,
1977; Christ et al., 1977). It has been shown that formation of
individual muscle bellies is closely coordinated with the for-
mation of tendons (Kardon, 1998) and to some extent with the
developing skeleton (Lanser and Fallon, 1987). There is also
evidence showing that mesodermal cells expressing the Tcf4
gene, a transcription factor downstream of the Wnt-β-catenin
signaling pathway, plays amajor role in establishing the zones of
muscle differentiation (Kardon et al., 2003).
In spite of the above exposed data, cellular and molecular
mechanisms directing the formation of muscle attachments at the
correct position or accounting for the cleavage of individual
muscles, still await clarification. In this study, we have chosen
the formation of chick foot muscles to analyze the mechanism by
which the dorsal and ventral muscle masses are segregated into
individual muscle bellies. This model system has a double
advantage. On the one hand, the position of the muscles in the
most distal portion of the limb allows for easy recognition by
confocal microscopy and other morphological approaches. On
the other hand, these muscles connect with the developing
tendons of the autopod, which are formed in an autonomous
fashion, independent from the muscles (Hurle et al., 1990;
Shellswell and Wolpert, 1977). Moreover, due to the spatial
independence of tendons and muscles, it is possible to check for
morphogenetic interactions between the tendinous and muscular
portion of each muscle belly using surgical approaches. Our
findings reveal that the muscle bellies are sculptured from the
muscle masses by cell death in close coordination with the
developing tendons and myotendinous junction formation. We
further propose that local concentrations of retinoids are critical
determinants of muscle vs. tendon development.Material and methods
Animal models
In this work, we employed Rhode Island chicken embryos ranging from 4.5
to 9 days of incubation (stages 24 to 35 of Hamburger and Hamilton, 1951).Experimental manipulation of the limb
A variety of surgical experiments, including digit amputations and
implantation of tungsten barriers, were designed to interfere with the assembly
of muscle and tendons. The eggs were fenestrated at the desired stage and
operations were performed on the right leg bud. Digit amputations and
implantation of tungsten barriers were performed between days 5 and 6.5 of
development. In all these surgical experiments, we paid attention to manipulate
distally to the domains of MyoD and Pax 3 gene expression to avoid damaging
the muscle forming regions of the limb.
Local treatments were performed by implanting AG1X-2 (BioRad) beads
incubated in 10 to 100 μg/ml all-trans-retinoic acid (Sigma) and SM2 beads
(BioRad) incubated in 0.2 g/ml Citral (Fluka). Eggs were windowed at desired
stages and beads, previously incubated for 1 h in the corresponding solution,
were implanted in the developing limb at the proper position. All the experiments
were contrasted by parallel experiments implanting DMSO soaked beads from
which no effects were observed. After the period of incubation, samples were
processed for immunostaining and imaging. Systemic treatments were performed
at day 6 of incubation by injection into the vitelline sac of total doses of Citral
ranging between 0.17 and 0.44 mg per egg and/or 1 to 25 μg of all-trans-retinoic
acid. Proper DMSO control experiments were done in parallel and no effects
were observed.
At least 3 independent series of experiment with aminimum of 15 individuals
each were performed for every treatment described.
Antibodies and immunolabeling
For tendon or muscle immunostaining, we used the following monoclonal
antibodies: MF20 (Hybridoma Bank) or F59 (Hybridoma Bank) to muscle
sarcomeric myosin, MF38 (Hybridoma Bank) to collagen I, M1B4 (Hybridoma
Bank) and rabbit anti-chick tenascin (Chemicon) to tenascin. Polyclonal
antibodies against caspase 3 active (R&D Systems) and cathepsin D (Santa
Cruz Biotechnology) has been also used in this study. For confocal microscopy,
limbs were dissected and fixed in 80% methanol–20% DMSO O/N at 4°C,
washed in TBS and incubated O/N at 4°C with the primary antibody. Specimens
were next washed in TBS, incubated O/N in the secondary antibody washed for
2 h in TBS, dehydrated and cleared in Murray's clear (33% benzyl alcohol–66%
benzyl benzoate). For double labeling using the terminal deoxynucleotidyl
transferase-mediated dUTP-TRIC nick end labeling (TUNEL) assay, limbs were
dissected and fixed in 4% PFA. Either longitudinal or transversal 200 μm
vibratome sections were taken and bleached in Den't bleach (50% Methanol,
25%H2O, 15%H2O2, 10%DMSO) before incubationO/N in primary antibody at
4°C, washed in PBS and incubated O/N in secondary antibody. TUNEL was
performed using the in situ cell death detection kit (Roche) following the
manufacturer's instructions.
Confocal microscopy
Samples were examined with a laser confocal microscope (LEICA LSM
510) by using a Plan-Neofluar 10×, 20× or Plan-Apochromat 63× objectives,
and argon ion laser (488 nm) to excite FITC fluorescence and a HeNe laser
(543 nm) to excite Texas Red. Limbs and vibratome specimens were optically
sectioned longitudinally along dorsal–ventral planes at 15 μm intervals. For
stacks digitalization and image processing, we used the LSM 5 Image Examiner
software on a Windows NT-Based PC. Images shown in this work are the
integration of all the Z-stacks taken to cover the whole muscle, except for
vibratome sections, which are the integration of three Z-stacks. Every image
shown in this study is representative of at least 3 independent experiments.
Light and electron microscopy
The sequential structural changes of themyocytes undergoing cell deathwere
studied by light and transmission electron microscopy (TEM). The autopods
were dissected free, fixed in 2% glutaraldehyde, post-fixed in osmium tetroxide
and embedded in araldite. For light microscopy, semithin sections were obtained
and stained with toluidine blue. For TEM, ultrathin sections were stained with
lead citrate and examined with a Philips EM208 electron microscope.
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Digoxygenin-labeled antisense RNA probes were generated for in situ
hybridization analysis. The chicken probes for RALDH2, CYP26A1 and INTE-
GRIN β-1, were obtained by RT-PCR. RNA from 6–9 days chicken autopods was
isolated by using Trizol Reagent (Gibco BRL) according to the manufacturer's
specifications. First-strand cDNA was synthesized with a mixture of random
hexamers (Promega) and 1 mg of total RNA. The following primers were
designed: 5′-ATTCCTGCAAGCCTTCTACG-3′ and 5′-TTGCTCCTTCAGT-
AATGCCG-3′ for retinaldehyde dehydrogenase 2 (RALDH2); 5′-TACGGCTT-
CATCTACAAGACG-3′ and 5′-AATCTTGCAGGGAGATTGTCC-3 for
retinoic acid hydrolase or cytochrome P450 family 26b type A1 (CYP26A1)
and 5′-AATGACACGCAGGAAGATGG-3′ and 5′-TTCTTGCATACGCA-
CTGTCC-3′ for integrin β1. RARβ, MyoD and Tcf4 probes were obtained
from U. Albrecht, K. Patel and C. Tabin, respectively.
PCR reactions were performed in a total volume of 50 μl using Taq DNA
polymerase (Gibco BRL). The cycling conditions were 1 min at 94°C for
denaturization, 2 min at 60°C for annealing, 3 min at 72°C for elongation and
then 10 min at 72°C after the last cycle (35 cycles). The PCR products were
subsequently cloned into pGEM-T (Promega) and the authenticity of the
fragments was confirmed by dideoxy sequencing.
For wholemount or 100 μmvibratome sections in situ hybridization, samples
were treatedwith 10mg/ml of proteinaseK for 20–30min at 20°C.Hybridization
with digoxigenin-labeled antisense RNA probes was performed at 68°C.
Reactions were developed with BCIP/NBTsubstrate or with purple AP substrate
(Roche).
Autopodial retinoid detection
Quantitative analysis of retinoids in the developing autopod was performed
by High Performance Liquid Chromatography (HPLC). For this purpose, a
double pump Kontron system with a UV (351 nm) coupled detector was
employed and NovaPack® C18 60 Å 4 μm WATO 369759 columns were used.
Each studied stage (days 6 to 9 of incubation; stages HH29 to HH35) was
analyzed using samples from 120 leg autopods that were cut at a right angle to the
proximal end of digit 1. Retinoids extraction was performed as described by
Thaller and Eichele (1987) with little modifications. All extraction and analytical
procedures were carried out under dim yellow light in brown glass tubes to
protect the retinoids from light. Extract protein concentrations were determined
by the Bradford technique. A known amount of Retinol-acetate was added as an
internal control into each sample. All-trans-retinoic acid levels were quantified
from the integrated area under its peak using a standard curve. These curves were
constructed with the authentic standards of known mass including: all-trans-
retinoic acid (all-trans-RA; Sigma); 4-oxoretinoic acid (4-oxoRA); 3,4-
didehydroretinol (ddRol); retinol (Rol) and 3,4-didehydroretinoic acid (generous
gift of Drs MalcolmMaden and Michael Klaus). At least 3 different experiments
were performed for each stage under study and data significance was evaluated
by ANOVA/Bonferroni and Student's t test.Results
Formation of the muscle bellies of the foot
We have followed in detail morphological changes of the foot
muscles by confocal microscopy in whole mount specimens
labeled for avian myosin with MF20 or F59 antibodies. By this
procedure, we were able to detect the developing myotubes,
allowing clear observations of the muscle segregation from the
dorsal and ventral muscle masses. By day 6 of development, the
muscular tissue of the foot appears as well defined dorsal and
ventral masses containing longitudinally aligned myotubes. The
initial morphology of the muscle masses resembles a tongue,
where the rounded distal margin is located at the level of the
metatarsal cartilages (Figs. 1A, E). Following this stage, themuscle masses undergo two major changes: (1) distally, the
muscle mass loses the rounded contour, thereby becoming
progressively divided into well defined elongated muscle bellies
in a handsaw-teeth fashion (Figs. 1B, F); (2) proximally, at the
future site of the intertarsal joint, the muscular tissue appears
progressively disorganized, establishing a gap with the muscular
tissue of the shank, which causes splitting between the shank and
the foot muscles (white arrows in Figs. 1B, F).
The above described distal modification of the muscle masses
show characteristic differences between the dorsal and ventral
compartments of the autopod in relation with the formation of the
individual muscles of the foot (for the anatomical descriptionswe
will follow the Nomina anatomica avium as referred in Yasuda,
2002). The dorsal mass is distally divided into 4 fascicles,
corresponding from anterior to posterior, with the muscles
Extensor digiti pedis primus brevis (ED1); Adductor digiti pedis
secundi (AD2); Extensor digiti pedis terti longus (ED3); and
Adductor digiti pedis quarti (AD4), each of them corresponding
with digit 1, 2, 3 and 4 respectively (Figs. 1B–D). The ventral
mass undergoes elongation to generate 5 forms. The first being
the muscle Flexor digiti pedis primus brevis (FD1) that
corresponds to digit 1, and together the second, third and fourth
constitute the muscle Abductor digiti pedis secundi (AbD2) with
each being initially alignedwith digits 2, 3 and 4. Finally, the fifth
elongated form is aligned with digit 4, constituting the muscle
Abductor digiti pedis quarti (AbD4) (Figs. 1F–H). Further in
development, these muscle bellies undergo important additional
modifications in order to achieve their final anatomic arrange-
ment (see Yasuda, 2002). Combining tenascin or collagen type I
for tendons with muscle immunolabeling, clearly revealed that
the segregation of initial muscle bellies is associated with the
assembly of muscles with the autopodial tendons to form the
myotendinous junctions (Figs. 1I–J′).
Muscle bellies and myo-tendinous junction are sculptured by
apoptosis
The mechanism by which muscle splitting is undergoing still
remains unknown. Here, in order to clarify the cellular mecha-
nisms responsible for the cleavage of the muscle bellies, we first
analyzed “at high magnification” the morphology of myotubes
in the zone of segregation of the muscle bellies and in the zones
of attachment to the tendons. As previously mentioned,
myofibers align almost in parallel in the muscle bellies.
However, myotubes in the zone of segregation of the muscle
exhibited a dramatic loss of its previous longitudinal alignment.
In addition, many of these irregularly aligned myotubes exhi-
bited a beaded or rounded appearance, showing myosin labeling
as bright clumps, suggesting that they are undergoing degenera-
tion (not shown). In view of this finding, we decided to analyze
the possible involvement of cell death in this process.
By analyzing vibratome sections of autopods double labeled
for TUNEL and myosin (Fig. 2), we detected the presence of
areas of massive cell death including: (i) a major proximal area in
the zone of separation between the shank and the autopodial
muscle of the dorsal and ventral side of the autopod (muscular
dorsal and ventral apoptotic zones; MDAZ, MVAZ; Figs. 2A–B
Fig. 1. Foot muscle bellies morphogenesis. (A–H) Confocal microscope images from heavy chain myosin immunolabeled limbs revealing foot muscle development
from stages day 6 to day 9. Dorsal (A–D) and ventral (E–H) foot muscles from embryos at days 6 (A, E), 7 (B, F), 8 (C, G) and 9 (D, H) of incubation. (I–J) Foot at
6.5 (I) and 8 (J) days of development, showing ventral muscle (red) together with the tendinous tissue (green). Panels I′ and J′ show black and white views of the
tenascin staining in panels I and J, respectively. Pictures are the integration of several confocal optical sections. In all images distal is to the top and anterior to the
left. Abbreviations: ED1 for Extensor digiti pedis primus brevis; AD2 for Adductor digiti pedis secundi; ED3 for Extensor digiti pedis terti longus; AD4 for
Adductor digiti pedis quarti; FD1 for Flexor digiti pedis primus brevis; AbD2 for Abductor digiti pedis secundi; and AbD4 for Abductor digiti pedis quarti. Scale
bars=200 μm.
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elongated areas located in the splitting regions of both ventral
and dorsal muscles (Intermuscular apoptotic zones; IAZ; out-
lined in Figs. 2B′ and E); and (iii) well defined areas associated
with the zones of assembly of muscle bellies and distal tendons
(myotendinous apoptotic zones; MAZ; arrowheads in Figs.
2B′–C). Most of the TUNEL positive dying cells exhibited
myosin labeling indicative of its muscular nature (Figs. 2D–E;
see also Figs. 4A–B). However, dying cells negative for myosin
were also detected mainly in the contour of the dorsal and ventral
distal tendons (MAZs).
The cytological characteristics of the dying cells were also
confirmed by optical and electron microscopy. In semithinsections, dying myocytes were abundant (arrowheads in Fig.
3A), showing pyknotic nucleus (Fig. 3B) and dark cytoplasmic
deposits corresponding with disorganized myofibrilar clumps
(Fig. 3C). By electron microscopy, we detected dying cells with
and without myofibrils. Incipient dying myogenic cells (arrow-
head in Fig. 3C) were characterized by disorganization of
myofibrilar material lacking sarcomeric appearance, cytoplas-
mic vacuolization and enlargements of the perinuclear cisterna
(Fig. 3D). More advanced stages of degeneration (arrows in Fig.
3C) are characterized by vacuolization of the cytoplasm,
massive clumping of myofibrilar material forming dark
cytoplasmic bodies and chromatin condensation in the nuclei
(Fig. 3E). These cells were the most abundant within the areas of
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detected by confocal microscopy. The dying non-myogenic cells
displayed a fibroblastic appearance and were more abundant in
the proximity of the tendinous tissues (not shown).
In a detailed analysis of the muscle areas of cell death (Fig.
4A), TUNEL immunolabeling can be easily recognizable in
multiple myocytes (arrows in Fig. 4B). To further characterize
the apoptotic process in these myocytes, we explored the
expression of caspases and lysosomal enzymes. Double
immunolabeling for myosin and caspase 3 (Figs. 4C–C″) or
cathepsin D (Figs. 4D–D″) revealed intense positivity for these
proteases in the zones of muscle apoptosis. Labeling for these
proteases was particularly abundant in myotubes with signs of
myofiber degeneration (arrow in Figs. 4C and D). Caspase 3 is a
major executor protease in most embryonic apoptotic processes
(see Zuzarte-Luis et al., 2006) and lysosomal cathepsins are
emerging apoptotic mediators (see Chwieralski et al., 2006) with
a remarkable remodeling function in normal and pathologic
skeletal muscle (Bechet et al., 2005).
Distal tendons attract and provide morphogenetic signals to
the developing myotubes
As shown in Fig. 5A, by day 9, there is a well-defined
zone of contact between the muscle bellies and the tendinous
anlagen. However, preceding this conformation in previousFig. 2. Apoptotic cell death during muscle development. (A–E) Confocal images from
(green). (A–C) Transversal (A) and longitudinal (B) sections of autopods at day 7.
developing foot muscle morphogenesis. Panel B′ correspond to TUNEL staining sho
areas overlap with the different forming muscle bellies. Arrow in panel B′ points to t
bellies (red) at day 7.5 of development showing myotendinous apoptotic zones (MAZ
panel B′). Panel D is a detailed confocal view of the muscular ventral apoptotic zon
myotubes located between the foot and shank muscle masses. Panel E is a detailed v
except in panels D and E=100 μm.stages, isolated myotubes can be found either misaligned and
occupying a peripheral position in relation to the myotendi-
nous junction, or displaced further distally along the
developing tendons (Fig. 5B and arrows in panel B′). As
described previously these misplaced myotubes often showed
morphologically degenerating features suggesting that myo-
tubes might require an appropriate contact with tendons for
their survival.
In order to check whether the tendons exert an influence on
the myotubes, we performed surgical amputations of digit
rudiments at days 5 or 5.5 of incubation. Experiments did not
affect the early muscle precursors and during the first 24 h after
surgery the pattern of MyoD labeling was undistinguishable
from the contralateral limb even when the total distal mesoderm
of the limb bud was removed (Fig. 5C). In subsequent stages,
proper alignment, and to some extent proper splitting, of the
muscle mass into individual bellies was blocked when a digit
was removed (Fig. 5D compare with panel E). Importantly by
3 days after surgical removal, the muscle bellies of the
corresponding ablated digits were missing, and a considerable
number of disorganized fibers were found in the corresponding
area (Fig. 5G compare with panel H).
To reject the notion that the effects of digit ablation were
dependent on the absence of skeletal elements instead of
tendons, we implanted tungsten barriers at the level of the
first phalanx of digit III, just between the distal tip of thelimb vibratome sections double labeled for muscle (red) and apoptotic cell death
5 of development showing an apoptotic cell death pattern closely associated to
wn in panel B where cell death areas are outlined (yellow lines). Note that these
he intense area of cell death between foot and shank muscles. (C) Dorsal muscle
s) associated with the myotendinous junction (arrowhead; see also arrowhead in
e (MVAZ; see also arrow in panel B′), showing degenerating TUNEL positive
iew of cell death in the intermuscular apoptotic zone (IAZ). Scale bars=200 μm
Fig. 3. Structural changes of the myocytes undergoing cell death. (A–C) Light microscopy images showing the presence of dying cells in a muscle belly from a 7.5-day
autopod. In panel A, muscle belly has been manually outlined (white line) with tendinous tissue on top (asterisk). Panels B and C are high magnification of cells from
(A) showing characteristic peripheral chromatin condensation of apoptotic cells (arrows in B), and dark cytoplasmic deposits corresponding to disorganized myofibrils
(arrows in panel C and see panel E). (D–E) Transmission electron microscopy (TEM) images from an early (D) and late (E) degenerating myocytes. Panel D shows an
early degenerating myocyte with disorganized myofibrils lacking Z-bands (arrowhead) and prominent vacuoles (asterisks). (E) Advanced degenerating myocyte with
massive clumping of myofibrilar material as a dark body (arrow) and nucleus (n) with dotted chromatin condensation.
272 M. Rodriguez-Guzman et al. / Developmental Biology 302 (2007) 267–280muscle masses and the zone of formation of the distal tendons
(see yellow line and arrowhead in Fig. 5I) in embryos
incubated for 6 days. These experiments were followed by
partial or total inhibition of muscle cleavage accompanied by
realignment of the muscle fibers that were facing the barrier,
so that they were now becoming oriented toward the neighbor
bellies (Fig. 5I compare with panel J). Importantly, these
manipulations reproduced the effects of digit ablation and by
day 8.5 the muscle bellies under the influence of the tungsten
barrier were disorganized and degenerating (Fig. 5K compare
with panel H; and note in panel L the typical degenerating
morphology of myofibers).
Retinoic acid signaling is a candidate to control
muscle–tendon assembly
Retinoids have a major influence in the control of apoptotic
processes (Rodriguez-Leon et al., 1999), as well as a role in
regulating the migration of muscle precursors into the limb
field (Mic and Duester, 2003) and they can also exert a
chemotactic influence in some developing systems (Maden et
al., 1998a). Therefore, here, we have explored whether retinoic
signaling might also be implicated in the morphogenesis of the
muscle bellies, as different members of the retinoic acid
signaling pathways have been detected in the developing
tendons and muscles of the mouse autopod (Abu-Abed et al.,
2002). Since chick expression studies have mainly concen-
trated on the initial stages of limb development (Swindell etal., 1999), we first characterized in vibratome sections of the
autopod the expression of the retinoic acid synthesizing
enzyme Raldh2, the retinoic acid receptor (RAR) genes and
the retinoic acid degrading enzyme, Cyp26A1. As shown in
the Figs. 6D–F, Raldh2 exhibits well-defined domains of
expression in the differentiating muscle bellies and in the
developing tendons, with highest expression being in the zone
of confluence between the muscle and tendons (Fig. 6F).
Retinoic acid receptor (RAR) alpha and gamma were not
detected at significant levels in either tendons or muscles (not
shown) while RAR-β transcripts were present in a pattern
similar to that of Raldh2 (Figs. 6G–I). In addition, retinoic
acid degrading enzyme, Cyp26A1, was expressed at low levels
in the zone of the tendons in close proximity to the muscle
bellies (Figs. 6J–L).
Since RA-signaling has been implicated in the establishment
of proximal identities within the limb tissues (Mercader et al.,
2000; Yashiro et al., 2004), to confirm that the expression of
Raldh2 reflects the presence of endogenous retinoids, we
examined their concentration in the developing autopod by
HPLC. We detected three major pics of retinoids corresponding
to all-trans-retinol (Rol), didehydroretinol (ddRol) and didehy-
droretinoic acid (ddRA), while all-trans-retinoic acid was
almost undetectable, as previously reported for other avian
tissues (Maden et al., 1998b). Of major importance in our study
was that the total amount of all three metabolites increases
progressively between days 6 and 9 of incubation (Table 1), the
period in which the muscles are undergoing massive cell death,
Fig. 4. Molecular players of myocyte apoptotic cell death. (A) Detailed confocal view of a transversal section of 7.5 days developing autopod stained for TUNEL
(green) and Myosin (red). (B) Magnification of the IAZ region pointed by an asterisk in panel A showing multiple TUNEL positive myocytes (arrows). (C–C″)
Degenerating myocyte from a 7.5 days developing limb (arrow in panel C), positive for active caspase 3 (arrow in panel C′). Note coincidence between myofibrilar
disorganization and caspase 3 activity in the merged image in panel C″. (D–D″) Degenerating myofiber from a 7.5 days developing limb (arrow in panel D), positive
for cathepsin D immunolabeling (arrow in panel D′). Panel D″ is the merged image from panels D and D′ in order to see co-localization of cathepsin D with clumps of
degenerating myofibrils. Scale bar in panels A=100 μm, B=25 μm, C″=10 μm and D″=5 μm.
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loping digital tendons.
Local concentrations of retinoids are critical to establish the
fleshy vs. tendinous components of the muscle bellies
The possible effect of RA signaling in muscle morphogen-
esis was explored by local implantation of beads bearing all-
trans-retinoic acid (RA beads) into the autopodial muscle
masses (Figs. 7A–G). RA beads implanted at the distal margin
of the dorsal muscle mass interfered with the formation of the
muscle bellies causing either truncation of a muscle belly (Fig.
7B compare with panel A) or the acceleration and enlargement
of the cleavage regions between muscle bellies (Figs. 7C–D
compare with panel A), suggestive of an apoptotic promoting
effect. To confirm the apoptotic effect of RA in vivo, limbs
treated with RA beads were serially sectioned with a vibratome
and examined by TUNEL and anti-myosin labeling. A massivezone of muscle apoptosis was observed 12 h after the
implantation of the bead (Figs. 7E–E″) and by 24 h the
muscle tissue was absent around the bead (Fig. 7G). As
previously reported (Rodriguez-Leon et al., 1999), apoptosis
was also induced in the undifferentiated mesenchyme located
mainly between the metatarsal cartilages. We have observed
that expression of tcf-4 and integrin β1 genes was down-
regulated in the limb muscle under the influence of RA beads
(Figs. 8A–D). Tcf4 is a transcription factor downstream Wnt
signaling expressed in the intramuscular connective tissue
which has been shown to be required for muscle patterning
(Kardon et al., 2003). Therefore, our findings implicate the
loss of adhesion between myocytes and the extracellular
matrix in the apoptotic pathway and suggest that tcf4 might be
also involved in muscle survival. As observed in physiological
conditions, the area of apoptosis induced by the RA bead was
accompanied by upregulation of cathepsin D and caspase 3
(Figs. 8E and F, respectively).
Fig. 5. Distal tendons control foot muscle bellies morphogenesis. (A–B) Images show confocal views of myotendinous junction from dorsal autopodial muscles at day
9 (A) and 7.5 (B) of development (muscles are shown in red and tendons in green). Note perfect alignment of myofibers with respect to the tendons at later stage (A) in
comparison to the earlier stage (B). Panel B′ is a detailed black and white view of muscle distal tip in panel B, where fibers further ahead of the myotendinous junction
are easily appreciable (arrows). (C–H) Distal digital truncation interrupts bellies formation. (C) Expression of MyoD in control and experimental limb 24 h after
removal of the distal limb tissue at day 5 (prospective phalanxes). Note that the operation does not alter muscle morphogenesis within this time-period. (D) Confocal
image showing lack of proper morphogenesis of the extensor digiti pedis terti longus belly, 48 h after removal of digit 3 at day 5 of development (compare with control
in panel E). (F–H) Changes in ED3 72 h after removal of digit 3. Panel F shows the appearance of the experimental (left) and the control (right) autopodium. Panel G
shows the alterations of ED3 in comparison with the control limb (H). Arrow shows the presence of disorganized fibers substituting the muscle belly. (I–L) Tungsten
barrier applied into the distal tendons reproduces digit amputation phenotypes. (I–J) Confocal images showing ventral muscle morphology 24 h after implantation of a
tungsten barrier (arrowhead in panel I) in comparison with the left control limb (J). Note the absence of belly anlagen for digit 3 in panel I (asterisk). (K) Regression of
ED (arrow in panel K) 3.5 days after tungsten barrier implantation into the distal tendon of digit 3 (compare with equivalent control in panel H). Panel L corresponds
with a magnification of the outlined area in panel K, showing degenerating myofibers. In all images anterior to the left and distal to the top. Scale bars=200 μm except
for panels B′=100 μm and L=50 μm.
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Fig. 6. Members of the retinoic acid signaling pathway are expressed in the autopod during muscle tendon assembly. Expression of MyoD (A–C) Raldh 2 (D–F),
RARβ (G–I) and Cyp26A1 (J–L), in transverse (A–B, D–E, G–H, J–K; anterior to the right and dorsal to the top) and longitudinal (C, F, I, L; anterior to the right
and distal to the top) sections of the autopod at day 7.5 of incubation. Note the restricted expression of Cyp26A1 in the zone of confluence of muscle and tendons
(arrows).
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with citral (3,7-dimethyl-2,6-octadienal). Citral, at the dose
employed by us, is a potent inhibitor of RA synthesis lacking
unspecific cytotoxic effects on the limb (Tanaka et al., 1996)
and nasal mesenchyme (Song et al., 2004). However, in vivo
implantation of citral-beads arrested the distal expansion of the
muscle tissue accompanied by a considerable transversal
enlargement of the muscle bellies, at the expense of the
inter-muscular cleavage gaps (Fig. 9B, compare with the
control in panel A). Analysis of the tendon morphology by
collagen type I immunolabeling revealed that citral treatments
caused a severe structural disintegration of the tendon tissue
(Fig. 9D, compare with control in panel C).
In light of the above described results, we next explored the
effect of systemic treatment with citral. Injection of 0.44 mg of
citral into the amniotic sac of embryos at day 6.5 of incubation
was followed by digit truncation, delayed regression of the
interdigital tissue and most importantly, inhibition of musclemass cleavage accompanied by fiber disorganization in the
myotendinous junction (Fig. 9F, compare with control in
panel E). As expected the alterations inmuscle morphologywere
accompanied by a diminution in the amount of cell death and
were considerably reduced by addition of 25 μg of RA (not
shown).
Discussion
Every muscle in the body of the vertebrates is characterized
by specific and constant patterns of size, shape, position,
myofibrilar pattern and attachment. This consistency in muscle
anatomy provides the basis for the functional complexity and
specializations of the locomotory apparatus in different species.
This anatomical property is particularly amazing, especially
taking into account the numerous steps required to form a
muscle. For example, appendicular muscle development
involves: specification and controlled delamination from the
Table 1
Quantification of autopodial retinoids by HPLC
Table shows different levels (ng/mg of protein) of all-trans-retinol (Rol), didehydroretinol (ddRol) and didehydroretinoic acid (ddRA) determined by HPLC from
the autopod ranging from day 6 to day 9 of incubation. Each column represents the average and standard deviation of at least 3 different samples extracted from
120 autopods each.
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migration through the limb tissues; myoblast differentiation and
fusion to form syncytyal myofibers; assembly of myofibers and
connective tissue into muscle bellies; and targeted insertion into
specific attachment sites. In this work we report that
programmed cell death exerts a major role in the last stages of
muscle morphogenesis sculpturing the shape and adjusting the
number of myofibers of each muscle belly.
The vertebrate limb has been widely chosen as a model
system for analyzing the function of programmed cell death
during development (reviewed by Zuzarte-Luis and Hurle, 2002
and Merino et al., 1999). From these studies, cell death has been
implicated in digit and joint morphogenesis, and perhaps in the
guidance of nerves through the limb bud (Tosney et al., 1998).
Our present observations show that between days 7 and 8 of
development the developing autopod presents three major
regions of muscle cell death: (1) the zone of separation between
autopodial and shank muscles (MDAZ and MVAZ); (2) the
lateral margins of each muscle belly during their cleavage fromthe dorsal or ventral muscle mass (IAZ's); and (3) the zones of
muscle assembly with digital tendons (MAZ's). Specially these
last regions include both muscle and non-muscle cells and are
more prominent in the dorsal muscles. All these degenerative
processes occur in correlation with the formation of individual
muscle bellies connected with their corresponding tendons.
These findings indicate that as in the case for neurons in the
developing nervous system (review by Davies, 2003), the
developing muscle masses of the limb bud overproduce
myogenic cells and its number become adjusted by controlled
apoptosis during the assembly of muscle bellies and tendons.
According to our surgical experimental approaches, it is
tempting to suggest that this adjustment is directed by survival
signals emanating from the tendons in a fashion similar to that
regulating cell death in the developing nervous system (see
Davies, 2003). In support of this interpretation, we observed that
in physiological conditions cell death removes myofibers
lacking stable myotendinous junction. Moreover, when the
anchoring of foot muscles into tendons is surgically impaired the
Fig. 7. Retinoic acid promotes cell death in the developing foot muscle. (A–D) Confocal images illustrating dorsal foot muscle of an untreated control (A) and retinoic
acid soaked bead implanted (B–D) limbs, 24 h after bead implantation at day 6 of development. Treatments with retinoic acid truncate development of the muscle belly
(see ED3 in panel B) or dramatically enlarge the separation between bellies (see separation between ED3 andAD4 in panel C) when a retinoic acid soaked bead is applied
distally to the developing belly or in the area of division between bellies, respectively. Panel D is a magnification of the treated area in panel C where degenerating
myofibers are easily recognizable (arrow). (E) Confocal image from a transversal section of developing autopod, 12 h after implantation of a retinoic acid soaked bead at
day 6 of incubation (E). Note the strong promotion of cell death (TUNEL in green), which is translated after 24 h of treatment in muscle degeneration (G). Panel E′ is a
magnification of the treated area in panel E. Panel E″ shows staining for muscle myosin (red) while panel E‴ shows TUNEL labeling (green) in panel I. In panels A–D
anterior is to the left and distal to the top while in panels E–G dorsal is to the top and anterior to the right. Scale bars=200 μm except for panels D and E′=100 μm.
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massive cell death resulting in the elimination ofmuscles lacking
tendon attachment. The tendon dependence for muscle survival
appears to be reciprocal as tendons also undergo secondaryFig. 8. Molecular aspects of muscle apoptosis induced by Retinoic Acid. (A–D) Long
muscles. (A–B) Tcf-4 expression in similar sections of control (A) and retinoic acid
preceding the induction of apoptosis by RA. (C–D) Integrin β1 expression in the d
implantation of RA beads (D). (E–F) Confocal micrographs illustrating the intense
beads. Scale bars in panels E=50 μm and in F=10 μm.massive degeneration in muscleless limbs (Brand et al., 1985).
Together these findings indicate that formation and maintenance
of muscle bellies critically require the interplay between their
fleshy and tendinous components.itudinal vibratome section of developing autopod through the level of the dorsal
treated (B) limbs to show downregulation of Tcf-4 around the bead (asterisk)
eveloping muscle bellies in control limbs (C) and its downregulation following
upregulation of cathepsin D (E) and caspase (F) following implantation of RA
Fig. 9. Retinoic acid inhibition produces broader muscle bellies that do not
progress distally. (A–B) Confocal images illustrating dorsal foot muscle bellies
of an untreated control (A) and citral-bead treated limb (B), 48 h after bead
implantation at day 6 of development. Treatments with a retinoic acid inhibitor
bead (asterisk in panel B) caused a dramatic disorganization in muscle bellies,
displaying broader bellies that often grow at the expense of inter-bellies area (see
ED3 in panel B and compare with control in panel A). (C–D) Confocal images
showing developing foot tendons stained for collagen I in a control (C) or a citral
soaked bead implanted limb (D). Note that 36 h after bead implantation (asterisk
in panel D) at day 6 of development, tendons appear completely disorganized
(compare tendon pattern in panel D to control situation in panel C). (E–F)
Ventral foot muscles of control (E) and 0.44 mg of citral “in ovo” treated
embryos (F). Note the lack of proper bellies formation due to the poor division
between them. In all images anterior is to the left and distal to the top. Scale
bars=200 μm.
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have different embryonic origins (Christ and Brand-Saberi,
2002) becoming subsequently assembled to form muscle
bellies. There is experimental evidence for a role of the
connective tissue in the earlier stages of development of the
appendicular muscles establishing a pre-pattern for muscle
morphogenesis through the β-catenin downstream transcription
factor Tcf4 (Kardon, 1998; Kardon et al., 2003). Our findingsextend the morphogenetic function of the connective tissue to
final stages of muscle development when muscles join the
tendons. In addition to the potential role of tendons in muscle
survival discussed above, the pattern of myofiber arrangement
in the muscle–tendon interface as well as the changes in
myofiber arrangement following barrier implantation experi-
ments, suggests that tendons also have an attracting effect over
their neighboring muscle fibers. Thus, by combining attracting
and survival signals, tendons may have an important influence
on muscle morphogenesis.
An additional task of this study was to explain the
molecular control of muscle cell death. Since myoblasts
remain alive while they are grouped into the premuscular
masses, the reason why they die at the stages of myotendinous
attachment formation might be explained by either the
myofibers having achieved a level of differentiation requiring
tendon attachment, or because, at the same stage myofibers are
subjected to local apoptotic factors. The expression of a
considerable number of genes encoding for transcription
factors and secreted molecules in the muscle–tendon interface
(see Edom-Vovard and Duprez, 2004) supports the latter and
points to this region as a source of signals directing muscle
morphogenesis. In this regard, it has been proposed that FGF4
expressed in the anchoring tips of the muscle bellies
contributes to establish muscle morphogenesis promoting
formation of tendon tissue at the expense of myogenic cells
by regulating tendon tissue proliferation and myogenic
differentiation (Edom-Vovard et al., 2001, 2002). Here we
have identified RA signaling as a key regulator of cell death
during muscle–tendon morphogenesis. Expression of different
members of the RA signaling pathways has been occasionally
described in muscle and tendons of mouse and avian limbs
(Abu-Abed et al., 2002; Berggren et al. 2001). Here we report
that RARβ, Raldh2 and Cyp26A1 exhibit specific expression
domains in the zone of confluence of tendons and muscles of
the chick autopod, which is temporally coincident with cell
death. Moreover, in spite of the proposed function for retinoic
acid in the establishment of the proximal identities of the limb
bud components (Mercader et al., 2000; Yashiro et al., 2004),
we have observed that this expression pattern correlates with a
progressive higher overall concentration of endogenous
retinoid metabolites in the developing autopod. Furthermore,
the expression of Cyp26A1 in the tendon tissue located close
to the muscle and the opposite response of muscle and tendons
to exogenous modifications of retinoids, support the occur-
rence of endogenous local variations in the concentration of
retinoids of potential significance for the assembly of muscle
bellies. According to our findings, retinoic acid is an apoptotic
signal for muscle tissue. However, the structural disorganiza-
tion of the tendinous tissue following treatments with citral
indicating that RA is at the same time required for tendon
maturation. Thus, as reported in other models of morphogen-
esis regulated by this signaling pathway (Maden et al., 1998b),
a spatially specific balance between RA synthesis and
degradation may control the relative rate between muscle
fibers and the tendinous component of each muscle belly.
However, it must be taken into account that defects in tendon
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muscles require tendons for proper development. Thus, we
have observed that muscles are altered both in RA gain-of- and
loss-of-function conditions. Alterations in the muscle–tendon
structure have not received much attention in experimental
alterations of RA signaling induced by transgenic or metabolic
approaches, but mouse mutants for Raldh2 directed by the
promoter of the retinoic acid receptor β, display abnormal
digit flexures and partial hypoplasia of distal extensor muscles
(Vermot et al., 2005). Here we have observed that apoptosis
mediated by local treatments with RA is accompanied by
downregulation of tcf4. Hence the function of this transcrip-
tion factor in the patterning of the appendicular muscles
(Kardon et al., 2003) may include survival signals for
differentiating myocytes.
The apoptotic inducing effect of RA on myofibers
observed here contrasts with the positive influence of retinoids
in the differentiation of precursor muscle cells during initial
stages of limb development (Hamade et al., 2006) but can be
explained by the observed differential response of myogenic
cells to RA depending on the cellular context of myocytes
(Xiao et al., 1995). In this regard, we have observed that
transcripts of Raldh2 are abundant in the autopodial myofibers
at the stages of muscle belly formation while it has been
reported that at earlier stages of limb development myofibers
are negative for this retinoic acid synthesizing enzyme
(Berggren et al., 2001).
In summary, this study unravels a key role of programmed
cell death in the formation of the individual appendicular
muscles. Furthermore we show that the developing tendons play
a major function in the control of this process and we provide
evidence for a role of retinoic acid produced both in muscles
and tendons as the signaling pathway mediating muscle
apoptosis and muscle–tendon assembly.
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